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ABSTRACT
These are proceedings for the Les Houches Summer School “Particle Physics and Cosmology: the Fabric
of Spacetime,” held in Les Houches, France, July 31–August 25, 2006. We summarise the discussions of
our working group and outline a procedure for calculating gravity corrections to scalar field potentials, as
they might be relevant for inflationary physics. We focus on a specific Randall–Sundrum type braneworld
scenario and discuss the relevance of Kaluza–Klein gravitons due to the extra warped dimension.
Braneworld Cosmology Braneworld models have been suggested to solve the hierarchy problem
[1, 2, 3, 4] and have received renewed attention in string–inspired cosmology. One assumes the brane to
be a (3+1)–dimensional hypersurface embedded in a higher–dimensional bulk with the standard model
fields confined to the brane (and gravity propagating in the bulk). Since string theory predicts extra
dimensions and contains higher–dimensional objects such as D–branes, it seems natural to assume some
underlying string theory motivation, although most braneworld models leave the features of the brane
itself quite generic.
We will focus on Randall–Sundrum (RS) type models, which embed one or two branes into a five
dimensional AdS bulk. In RS1 [1] a static solution of the 5d Einstein equations was derived with two
branes of opposite tension at the orbifold fixed points of the finite fifth dimension. The curvature in
the AdS bulk leads to a “warping down” of physical scales and thus provides a hierarchy between the
positive tension “Planck brane” and the negative tension “TeV brane”. Unfortunately, in this setup
general relativity is not recovered on the TeV brane (containing our observable universe). What one
finds instead is a Brans Dicke theory with negative BD parameter, which is ruled out by observations
[5]. There are two ways to circumvent this problem: one can either consider the RS2 model [2], in
which the negative tension brane is pushed to infinity and our universe is confined to the Planck brane1;
or one could take the stabilisation of the radion (the scalar field associated with the brane distance)
1In this scenario one faces again the hierarchy problem, but one can add a “probe brane” in the infinite AdS bulk [6] at
precisely such a distance that the effective scale on this probe brane is again the electroweak scale. The only requirement
for the probe approximation to be valid is that the probe brane tension be much smaller than the Planck brane tension.
This is actually an appealing scenario, because it would allow us to consider cosmology on a TeV brane with arbitrary
(albeit small) tension.
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into account, which removes the constraint that the brane tensions have to be opposite, but leads to
additional, model–dependent terms in the Friedmann equation.
In the first case standard cosmology is recovered at late times [7, 8]. For simplicity we only consider
models with infinite, static fifth dimension (and only gravity in the bulk), but we do not restrict ourselves
to the RS fine–tuning condition for the brane tension (i.e. we study an FRW brane with a non–vanishing
4d cosmological constant). The Friedmann equation for this case is [9]:
H2 =
8piG
3
ρ
(
1 +
ρ
2λ
)
+
Λ4
3
−
k4
a2
. (1)
Here, ρ is the energy density on the brane, λ is its tension and G is the four–dimensional gravitational
constant; k4 is the curvature of the 4d space, and the 4d cosmological constant is given by Λ4. This
shows that there is a high–energy regime where the dominant contribution to H2 arises from ρ2, whereas
the low–energy regime is governed by the usual Friedmann equation H2 ∼ ρ.
Under the assumption that the 4d metric does not mix with the static fifth dimension, one finds the
following relation between 4d and 5d quantities (see e.g. [10]):
1
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Only by setting Λ4 = 0 does one recover the RS constraint, which is equivalent to M
3
5
= kM2
4
, where k
is the AdS mass scale and related to the bulk cosmological constant by Λ5 = −6k
2.
Standard cosmology can also be recovered in RS1 models [11], at least in the low–energy limit, once
we stabilise the radion [12, 13]. It is then no longer necessary to balance the bulk cosmological constant
with appropriate brane tension. However, the high–energy behaviour is unclear and depends on the
precise radion potential. We will therefore not elaborate further in this direction, but work with the
infinite extra–dimensional model with FRW Planck–brane (or a TeV probe–brane).
Brane Inflation and the Electroweak Phase Transition As previously noted, (1) has a high–
energy regime in which H ∼ ρ/M3
5
. As an immediate consequence, the dynamics of scalar field driven
inflation is modified [14, 15]. We want to constrain a particular inflationary model using its predictions
for the shape and amplitude of the temperature fluctuations (at the time of the last scattering surface)
and comparing them to the WMAP data [16]. We will not show the detailed procedure but only quote
the main result. In order to have successful 4d inflation on the brane (in the case of chaotic inflation
with a potential of the form V ∼ m2φφ
2, where φ is the usual 4d inflaton field), one requires:
mφ ≈ 10
−4M5 . (3)
For simplicity, we make a na¨ıve estimate of the reheating temperature. This is not precise, but
nonetheless the scenario we describe below holds. Furthermore, a complete theory of (p)reheating is still
lacking, and we are thus led to extract the reheating temperature by means of the relation Γφ ∼ H ,
where Γφ = αmφ is a constant decay rate for the inflaton; α being its coupling constant with light
degrees of freedom. Using this relation and assuming that at the end of the reheating process we are
still in the high–energy regime (an assumption readily confirmed for low values of M5), we obtain the
approximate reheating temperature
TRH ∼ 10
3α1/4mφ ∼ 0.1α
1/4M5 , (4)
where the result (3) was used in the second step. This shows that low–scale gravity also leads to low
reheating temperatures, and it is possible to obtain temperatures lower than the Electroweak scale.
This implies that the Electroweak phase transition can take place before the completion of reheating2.
Consequently, in this scenario we should take into account the entropy dilution after the transition
(coming from the inflaton decay), the faster expansion rate during the transition, and the impact of these
effects on, for example, the generation of the baryon asymmetry via the Electroweak phase transition.
2Several issues arise here, and are mainly related to our lack of confidence with the (p)reheating stage. For instance,
since the actual thermalisation mechanism is still unclear we don’t know whether we have thermal equilibrium and thus
whether it makes sense to speak of an equilibrium plasma, or what its temperature is.
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Gravitons In this section we discuss how gravitons couple to matter fields on the brane. Since we
work in an infinite extra–dimensional model, we have a continuous spectrum of KK graviton states,
including the conventional 4d graviton as the zero mode. Matter couples to gravitational fluctuations
hAB via the energy–momentum tensor TAB,
Sint ∼
∫
d4x dy hAB T
AB , A,B = 0 . . . 4 , (5)
where the 5d energy–momentum tensor of matter confined to the brane becomes (in the weak gravita-
tional field limit)
TAB = η
µ
Aη
ν
BTµν(x)δ(yc) (6)
and hAB(x, y) are the perturbations specified below in (7). This means, that after integrating out the
fifth dimension y in (5), the effective 4d coupling will be determined by the amplitude of hAB(x, y) at
the (Planck or probe) brane position yc.
We can parametrise the 4dim perturbations3 following [2] as
ds2 =
[(
e−2k|y| ηµν + hµν(x, y)
)
dxµdxν
]
− dy2 , µ, ν = 0 . . . 3 , (7)
with the factorisation h(x, y) = eip·xψ(y). Plugging these perturbations in the 5dim Einstein equations,
we find that ψ obeys a Schro¨dinger–type equation
[
−
m2
2
−
1
2
∂2z +
15k2
8(k|z|+ 1)
−
3kδ(z)
2
]
ψ(z) = 0 , (8)
where the coordinate z is related to y by ek|y|dy = dz, and we have rescaled the perturbations according
to h(x, y)→ ek|y|h(x, y). The explicit solution to this equation for the zero mode as well as higher KK
modes has been worked out in [2] (see also [17]). The zero mode shows a strong localisation at the
Planck brane, whereas the massive graviton modes are suppressed there and approach asymptotically a
plane wave for large mz. This means that the zero mode coupling at the Planck brane, given by ψ(0),
will be much larger than that of individual massive KK states (their contribution might be significant
nevertheless, as we sum over a large number of them). On a TeV probe brane, on the other hand, we
find the opposite coupling hierarchy.
We would like to study the impact of gravitational corrections on phase transitions. We will therefore
compute the effective potential for a scalar field that undergoes spontaneous symmetry breaking, like the
Higgs. For the Electroweak phase transition (which would be interesting e.g. for baryogenesis models)
we would have to couple all standard model fields to the KK gravitons. As a slightly less ambitious step,
let us consider the one–loop effective potential of a single scalar field coupled to gravity, which could be
relevant for the inflationary era.
The one–loop effective potential is given as a sum over all 1PI diagrams with a single scalar/graviton
loop. This can be re–summed into a one–loop vacuum diagram (a loop with all external legs removed).
Our task is therefore to calculate this diagram for the massless graviton as well as the continuum of
massive KK states. If we are located on the Planck brane, we should integrate over the full KK mass
spectrum (up to a cutoff of the order of Planck mass); if we live instead on a probe brane somewhere in
the infinite fifth dimension we only need to take masses 10−4eV≤ m ≤ 1TeV into account [6] (assuming
a hierarchy such that the fundamental scale on the probe brane is precisely 1TeV). In both cases we
have to impose a UV cutoff on the loop integral. This will not yield a normalisable result: even at one
loop we will encounter an explicit cutoff dependence. This is due to the well–known fact that gravity
cannot be renormalised as a QFT.
The KK decomposition, graviton propagators and their coupling to matter and gauge fields have
been considered for toroidal extra dimensions [18, 19]; we want to repeat the analysis for the infinite
AdS bulk. This is not too difficult, as AdS is conformally related to flat space and we can easily obtain
the linearised gravity Lagrangian for this case and couple it to the energy–momentum tensor of a scalar
field. We hope to see some non–negligible contribution to the symmetry–breaking potential that could
result in interesting consequences for the (order of the) phase transition, inflationary dynamics and
baryogenesis [20].
3This is after the usual KK reduction of the 5dim perturbations to a tensor, two vectors and a scalar in 4 dimensions.
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